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Introduction
Normal adult human pancreatic β-cells are mostly quiescent (G0) and generally do not enter into the G1/S-phase of the cell cycle. However, the mechanisms regulating such quiescence are not well understood. In order to expand human β-cells for future therapeutic intervention of diabetes, such knowledge is critical since it will contribute to their elevated entry into the cell cycle by overcoming quiescence leading to increased proliferation. Diabetes is primarily a disease of reduced β-cell mass. In type 1 diabetes, β-cell deficit is almost complete, whereas, in type 2, such deficit is partial. Therefore, in principle, replenishment of lost/ reduced β-cell mass, either by β-cell replacement/transplantation or via β-cell expansion in vivo, should ameliorate hyperglycemia and correct diabetes. As proof of principle, clinical studies show that restoration of β-cell mass via islet transplantation can treat diabetes-related symptoms for a certain period of time and allow temporal insulin independence in type 1 diabetic patients. 1 Additionally, studies using rodent models of β-cell ablation (type 1 diabetes) and insulin resistance (type 2 diabetes) display that restoration of lost/reduced β-cell mass by increased proliferation of pre-existing β-cells results in normoglycemia and correction of diabetes. [2] [3] [4] [5] It was first reported in 2009 that many members of the mammalian cell cycle machinery, particularly of the G1/S proteome, are expressed in adult human islets isolated from cadaveric donors. 6 The critical role of positive cell cycle regulators, such as, cyclin D1, D3, and CDK6, individually or in combination, in promoting ex vivo proliferation of adult human β-cells was also revealed. [6] [7] [8] However, from the point of clinical application, these studies [6] [7] [8] may have significant limitations due to the use of virus-mediated overexpression systems for cyclin and/or CDK to elevate human β-cell replication. Nonetheless, such studies documented the clear potential of adult human β-cells to proliferate ex vivo. We showed, using isolated adult human islets, marked levels of several critical cell cycle regulators, including p27(Kip1) (a cyclin-dependent kinase [CDK] inhibitor), glycogen synthase kinase-3 (GSK-3) (a serine-threnine protein kinase), cyclin D3 (a member of D-type cyclins) and retinoblastoma (Rb) protein (a tumor suppressor). 9 Substantial levels of both p27(Kip1) and cyclin D3 in β-cells of adult human pancreatic tissue were also reported. 10 An old study indicated that in human pregnancy, maternal β-cell mass expands via β-cell hyperplasia for maintaining normal glucose homeostasis. 11 A recent report has revealed about 50% increase in β-cell mass due to elevated β-cell number in obese individuals for compensating high insulin demand. 12 Studies of β-cell turnover in donors displayed the presence of replicating β-cells primarily in the first 3 decades of life. 13 Additionally, studies using cadaveric donors revealed strong evidence that residual β-cells in type 1 diabetic patients are in a steady-state of proliferation and apoptosis, even after 50 y of diabetes duration.
14 Moreover, pancreatic β-cell ablation in very old mice (1-2 y old) demonstrated that β-cells retain the capacity for compensatory proliferation to maintain normal glucose homeostasis. 15 These studies collectively indicate that irrespective of the quiescent nature of adult human and rodent β-cells, they possess an intrinsic ability to respond to growth stimuli to overcome their quiescence state and enter into the cell cycle for self-duplication/proliferation via modulation of the levels and/or function of cell cycle regulators (negative and positive). p27(Kip1), an important member of the Cip/ Kip protein family, is a primary negative regulator of cell proliferation and controls the G1/S-phase transition by binding to and regulating the activity of cyclin-dependent kinases (CDKs) that include cyclinD (D1, D2, and D3)-CDK4/6 and cyclin E-CDK2 complexes. 16, 17 In normal quiescent (G0) cells, protein stability of p27(Kip1) is maximal but, upon mitogenic stimulation, p27(Kip1) levels decrease rapidly to ensure entry of cells into the G1 phase as well as progression through the S phase of the cell cycle. 18 The 2 major pathways that result in p27(Kip1) degradation upon mitogenic stimulation include KPC (Kip1 ubiquitylation-promoting complex)-mediated cytosolic degradation of p27(Kip1) after its nuclear export and Skp2 (S-phase kinase-associated protein 2)-mediated nuclear degradation following its Thr187 (T187) phosphorylation. 18, 19 Decrease in p27(Kip1) levels allows cyclin-CDK holoenzyme complexes to phosphorylate retinoblastoma (Rb) protein and its family members, p107 and p130, resulting in the release of E2F family of transcription factors and subsequently transitioning of cells from the G0 to G1/S phase of the cell cycle. 18, 20 Additionally, Ser10 (S10) phosphorylation of p27(Kip1) acts as an important determinant of the stability of p27(Kip1) in the G0 phase and plays critical role in regulating cytosolic assembly of p27(Kip1) with cyclin D-CDK4/6 and in turn, prevent nuclear import of cyclinD-CDK4/6 from cytosol. 18 The 2 post-translational events, phosphorylation and protein-protein interaction, are thus important in controlling p27(Kip1) sub-cellular localization and stability, which, in turn, modulate non-proliferative (quiescent) vs. proliferative status of cells.
P18(Ink4c) belongs to Ink4 (inhibitors of CDK4/6) protein family that includes 3 more members, p15(Ink4b), p16(Ink4a), and p19(Ink4d). 20, 21 The members of this group are closely related ankyrin repeat containing proteins, which selectively form binary complexes with CDK4 or CDK6 and thus prevent CDK4/6 Figure 1 . Prevalence of β-cells in adult human pancreatic islets. Analysis of the abundance of β-, α-, and δ-cells in normal adult pancreatic tissue sections, obtained from donors (age: 30-50 y) (A and B) and mice (age: 9 mo) (C), by immunoflluorescence and confocal microscopy. The tissue sections were incubated with the specific primary antibodies against insulin, somatostatin and glucagon followed by incubation with the appropriate secondary antibodies conjugated with either FITC (for insulin) or Cy3 (for somatostatin) or Dylight/Texas red (Tr) (for glucagon). For (A and B), insulin, somatostatin and glucagon are represented by green, red, and white, respectively and for (C), insulin and glucagon are indicated by green and red, respectively. For (A-C), DAPI-stained nuclei are represented by blue. Almost 200 individual islets (10-15 islets/section) for (A and B) were analyzed to assess the abundance of β-, α-, and δ-cells. (A) represents the distribution pattern of β-, α-, and δ-cells found in majority (80%) of adult human islets, whereas, (B) represents the distribution pattern of these cell types found only in 20% of adult human islets. (C) shows the typical distribution of β-and α-cells in adult mouse islets. In this and subsequent figures, insulin, somatostatin, and glucagon are abbreviated as Ins, Somat, and Glu.
from binding with D-type cyclins (D1, D2, and D3) leading to disruption of D cyclin-CDK4/6 complex activation followed by cancellation of phosphorylation/hyperphosphorylation of Rb. 20, 21 Glycogen synthase kinase-3 (GSK-3), an important serinethreonine kinase, is constitutively active in resting cells and has 2 mammalian isoforms, GSK-3α (51 kDa protein), and GSK-3β (47 kDa protein). 22, 23 GSK-3 is located in the nucleus besides cytoplasm 24 and its activity is primarily controlled through inhibition by various mitogenic and hormonal signaling pathways. It is a key regulator of various important signaling pathways, including receptor tyrosine kinases, Wnt and G-protein-coupled receptors, and is implicated in a variety of important cellular processes, including cell-cycle regulation and proliferation. 22, 23 Several independent studies demonstrated that GSK-3 acts as an important negative regulator of proliferation because of its ability to facilitate degradation of critical positive cell cycle regulators, such as, D1, E, and D3 cyclins, [25] [26] [27] and stabilization of the levels of a key negative cell cycle regulator, p27(Kip1). 28 In this report, we have demonstrated abundant levels of the critical negative cell-cycle regulators, p27(Kip1), its phosphorylated form, p-p27(S10), p18Ink4c, and GSK-3, in β-cells of both adult human and mouse pancreatic islets, which contribute to maintenance of β-cell quiescence. We have also shown that treatments with pharmacological inhibitor of GSK-3 and mitogen/s cause increased proliferation of human β-cells, suggesting a road map to promote their ex vivo expansion for β-cell replacement therapy in diabetes.
Results

Prevalence of β-cells than α-cells in adult human islets
We have examined the abundance of insulin (Ins) positive β-cells vs glucagon (Glu) positive α-cells in normal adult human pancreatic tissue sections. Analyses by immunofluorescence and confocal microscopy reveal the prevalence of β-cells than α-cells in majority of adult human islets (~80%) that we have examined (Fig. 1A, green [Ins] vs. white [Glu] ). We have found relatively higher α-cell numbers in only about 20% islets (Fig. 1B, white [Glu] vs. A, white [Glu]), suggesting an overall majority of β-cells than α-cells in adult human islets as also demonstrated by independent studies. 29 Likewise, when we examined the abundance of β-and α-cells in adult mouse islets, we found a typical β-cell core (Fig. 1C, green [Ins] ) and a periphery containing α-cells (Fig. 1C, red [Glu]), indicating much higher abundance of β-than α-cells in adult mouse islets. Additionally, corresponding to other studies, 29 we also have found that α-cells are generally Figure 2 . Adult human and mouse pancreatic β-cells contain marked levels of p27(Kip1) and its phosphorylated forms, specifically p-p27(S10). Levels and sub-cellular localization of p27(Kip1) and its 2 important phosphorylated forms, p-p27(S10) and p-p27(T187), in β-cells of adult pancreatic tissue sections, obtained from donors (A-C) and mice (D-F), were assessed by immunoflluorescence and confocal microscopy. Analyses were performed using the specific primary antibodies against insulin, p27(Kip1), p-p27(S10), and p-p27(T187) followed by incubation with the appropriate secondary antibodies conjugated with either FITC (for insulin) or Dylight (for p27[Kip1], p-p27[S10], and p-p27[T187]). In (A-F), insulin is represented by green, whereas, all of p27(Kip1), p-p27(S10), and p-p27(T187) are marked by red. Also, DAPI-stained nuclei are represented by blue. In the merge panels, (A and C; human islets), and (D and F; mouse islets), β-cell nuclear localization of p27(Kip1) and p-p27(T187) is denoted by red dots. In the merge panels, (A-C; human islets) and (E-F; mouse islets), yellow color of varying intensities indicate the levels and localization of p27(Kip1), p-p27(S10), and p-p27(T187) in β-cell cytosol. For (A-C) and (E-F), 10-15 individual islets were assessed each time (n = 3-5 independent experiments) following incubation with the specific primary and secondary antibodies as mentioned above. Figure 3 . p-p27(S10) is substantially present in adult human and mouse pancreatic α-and δ-cells. Levels and sub-cellular localization of p-p27(S10) were examined using immunofluorescence and confocal microscopy. Adult pancreatic tissue sections obtained from donors (A and C) and mice (B) were subjected to immunohistochemical analysis using the specific primary antibodies against glucagon (A and B), insulin (C), somatostatin (C) and p-p27(S10) (A-C). Glucagon is represented by either green (A) or red (B), p-p27(S10) is marked by either red (A and C) or green (B) and insulin and somatostatin by green (C) and white (C), respectively. In the merge panels, (A-C), yellow color of varying intensities refer to the levels and localization of p-p27(S10) in α-cell cytosol of adult human (A) and mouse islets (B) and also, in β-cells of adult human islets (C). The merge panel in (C) shows the abundance of p-p27(S10) (red) in somatostatin positive δ-cells (white). For (A-C), 10-15 individual islets were assessed each time (n = 4 independent experiments).
interspersed with β-cells in human islets ( Fig. 1A and B, merge data), which is contrary to mouse islet architecture where β-and α-cells remain in the core and periphery, respectively (Fig. 1C , merge data). Furthermore, few somatostatin positive δ-cells are present in majority of adult human islets ( Fig. 1A and B, red [somatostatin] ) that usually remain intermingled with β-and α-cells ( Fig. 1A and B, merge data). Abundant levels of the negative cell cycle regulators, p27(Kip1), p18(Ink4c), and GSK-3, in adult human β cells
We have found the prevalence of β-cells than α-cells in adult human islets as described above (see Fig. 1A and B) . Also, our published data using lysates from isolated adult human islets showed substantial levels of the 2 important negative cell cycle regulators, p27(Kip1) and GSK-3. 9 Therefore, we wanted to examine the levels and sub-cellular localization of p27(Kip1) and its 2 important phosphorylated forms, p-p27(S10) and p-p27(T187), as well as GSK-3 and also, p18(Ink4c), a critical CDK inhibitor and negative cell cycle regulator, in β-cells using adult human and mouse pancreatic tissue sections. Our immunofluorescence studies demonstrate marked levels of p27(Kip1), primarily in nuclei of adult human islet β-cells ( Fig. 2A , merge data, red dots), and also, in islet β-cell cytosol ( Fig. 2A , merge data, yellow color). We show substantial amounts of p-p27(S10), specifically in adult human islet β-cell cytosol (Fig. 2B , merge data, bright yellow color). However, the levels of p-p27(T187) are relatively lower and present in both nuclei and cytosol of human islet β-cells (Fig. 2C , merge data, red dots and light yellow color). Likewise, we examined the levels and sub-cellular localization of p27(Kip1) and its 2 phosphorylated forms in adult mouse β-cells. We demonstrate marked amounts of p27(Kip1), almost exclusively in mouse islet β-cell nuclei (Fig. 2D , merge data, red dots), which is contrary to the distribution pattern found in human β-cells (Fig. 2D vs. A, merge data). Additionally, we show marked levels of p-p27(S10) in adult mouse islet β-cell cytosol (Fig. 2E , merge data, bright yellow color), whereas, the amounts of p-p27(T187) are relatively lower and located in both nuclei and cytosol (Fig. 2F , merge data, red dots and light yellow color), indicating a distribution pattern similar to human β-cells ( Fig. 2E and F vs. Fig. 2B and C, merge data). Our data demonstrating substantial levels of p27(Kip1) in both adult human and mouse β-cell nuclei suggest that p27(Kip1), through proteinprotein interactions, likely inhibits nuclear cyclinE-CDK2 activity leading to maintenance of adult β-cell quiescence. It is worth pointing out that in our previous studies using isolated adult human islet lysates, 9 we displayed robust binding of p27(Kip1) with cyclinE and its cognate kinase partner, CDK2. Additionally, we hypothesize based on our findings of the abundance and sub-cellular localization of p-p27(S10) in human and mouse β-cells and also, based on the studies using non-β-cell model systems 18, 30 that p-p27(S10) likely interacts with D-type cyclins and their cognate kinase partners, cyclin-dependent kinase 4/6 (CDK4/6), in cytosol of adult β-cells and in turn, prevent their entry into the nuclei. Such interactions lead to cancellation of the positive cell cycle regulatory function of cyclinD-CDK/4 complexes. We and others showed substantial levels of cyclin D3 in adult human islets/β-cells and also, found low/undetectable amounts of the other 2 D-type cyclins, D1 and D2.
9,10 Next, we examined the abundance and sub-cellular localization of p27(Kip1), p-p27(S10), and p-p27(T187) in α-cells of adult human and mouse pancreatic tissue. Our immunofluorescence analyses show that both human and mouse islet α-cells primarily contain the p-p27(S10) form, which is localized almost exclusively in α-cell cytosol (Fig. 3A and B , merge data, yellow color). We didn't find any appreciable levels of either p27(Kip1) or p-p27(T187) in adult human and mouse α-cells (data not shown). Moreover, we demonstrate substantial presence of p-p27(S10) in adult human islet δ-cells (Fig. 3C , merge data, red color in somatostatin positive [white] cells), suggesting a wider presence of this particular phophorylated form of p27(Kip1) in islet endocrine cell types, including β-, α-, and δ-cells. Similarly, we examined the levels and sub-cellular localization of GSK-3, a serine-threonine kinase that remains constitutively active in resting cells. Our immunofluorescence data show substantial amounts of GSK-3β isoform in adult human islet β-cell cytosol (Fig. 4A , merge data, bright yellow color), whereas, α-cells contain either undetectable or low amounts of this kinase (Fig. 4B , merge data, glucagon positive [white] cells). We found a similar pattern of abundance and localization of GSK-3 in adult mouse islet β-cells (data not shown). Our current and previous data, 9 as well as independent studies, 28 indicate that p27(Kip1) levels are likely stabilized following binding with GSK-3 in adult human and mouse β-cells resulting in maintenance of their quiescence. It's worth pointing out that GSK-3 can also be present in the nuclei of cells via its nuclear localization signal. 24 Moreover, we examined the levels and sub-cellular localization of p18(Ink4c) that is implicated in controlling islet β-cell proliferation. 31 Our immunofluorescence analyses demonstrate marked levels of this negative cell cycle regulator in adult human islet β-cell cytosol ( Fig. 5A and B, merge data, bright yellow color). We were unable to find any appreciable changes in the subcellular localization of p18(Ink4c) when we compared human islets having lower and higher numbers of α-cells (Fig. 5A  vs. B, merge data). The levels of p18(Ink4c) were almost undetectable in both α-and δ-cells of adult human pancreatic tissue ( Fig. 5C and D, merge data) . Likewise, our analyses of this CDK inhibitor in adult mouse pancreatic islets show its substantial presence in islet β-cell cytosol (Fig. 6A , merge data, bright yellow color), whereas, its levels are undetectable in α- (Fig. 6B, merge data) and also, in δ-cells (data not shown), suggesting a high similarity with adult human β-cells (Fig. 5A-D vs. Fig. 6A-B) . The findings altogether confirm the abundant levels of p27(Kip1), p18(Ink4c) and GSK-3, the 3 critical negative regulators of proliferation, particularly in adult human and mouse islet β-cells, and also, demonstrate a wider distribution of the p-p27(S10) form, including in β, α, and δ-cells, specifically in their cytosol.
Interaction of p27(Kip1) and p18(Ink4c) with positive cell cycle regulators in adult human islets We and others previously showed that cyclin D3 is a major D-type cyclin in adult human islets and β-cells.
7,9,10 D-type cyclins, including cyclin D3, are known to interact with their cognate kinase partners, CDK4/6, and form cyclinD-CDK4/6 holoenzyme complexes that inactivate retinoblastoma (Rb) Figure 4 . Abundant levels of GSK-3β in adult human pancreatic β-cells. Analysis of GSK-3β levels in β-and α-cells of adult pancreatic tissue sections obtained from donors using immunofluorescence and confocal microscopy. Pancreatic tissue sections were incubated with the specific primary antibodies against insulin, glucagon and GSK-3β followed by incubation with the appropriate secondary antibodies conjugated with either FITC (for insulin) or Dylight (for GSK-β) or Tr (for glucagon). In (A), green and red represent insulin and GSK-3β, respectively, and in (B), white and red refer to glucagon and GSK-3β, respectively. In the merge panel, (A), yellow color indicates the levels and localization of GSK-3β in adult β-cell cytosol, whereas, in the merge panel, (B), GSK-3β levels are almost undetectable in α-cells. For (A and B), 10-15 individual islets were assessed each time (n = 4 independent experiments).
protein via phosphorylation/hyper-phosphorylation in order to ensure the G1/S-phase progression of the cell cycle. 20 It is known that p27(Kip1) has cyclin and CDK binding sites at its N-terminal 30 and following binding, p27(Kip1) inhibits the positive cell cycle regulatory function of cyclin-CDK complexes. We thus wanted to assess if p27(Kip1) could interact with cyclin D3 and vice versa and also, whether p27(Kip1) could bind with CDK4/6. Our IP+WB analyses using lysates from isolated adult human islets demonstrate that each of cyclin D3, CDK4 and CDK6 is capable of binding with p27(Kip1) and such interactions are relatively much stronger for both cyclin D3 and CDK4 compared with CDK6 (Fig. 7A, lanes, αCD3 [αcyclinD3] and αCDK4 vs. C, lane, αCDK6). Additionally, by reciprocal IP and WB studies, we show that p27(Kip1) binds with cyclinD3 (Fig. 7B, lane, αp27) , indicating specificities of such proteinprotein interactions (Fig. 7A-C) . Similarly, we examined the levels of p18(Ink4c) and also, its binding ability with CDK4/6 since independent studies demonstrated interactions of this CDK inhibitor with CDK4/6, not with any cyclins. 32 Our IP and WB analyses using lysates from isolated adult human islets reveal its modest levels (Fig. 7D, lanes, αp18) as well as its ability to interact, particularly with CDK4 (Fig. 7E, lanes, αp18) . We found relatively reduced binding of p18(Ink4c) with CDK6 (data not shown). Additionally, our preliminary data (unpublished) Figure 5 . p18(Ink4c) is present in marked amounts in adult human β-cells, not in α-or δ-cells. The levels and sub-cellular localization of p18(Ink4c) were analyzed in β-, α-, and δ-cells of adult pancreatic tissue sections obtained from donors using immunofluorescence and confocal microscopy. For such studies, tissue sections were incubated with the specific primary antibodies against insulin, glucagon, somatostatin and p18(Ink4c) followed by incubation with the appropriate secondary antibodies conjugated with either FITC (for insulin and glucagon -green) or Dylight (for p18[Ink4c] -red) or Cy3 (for glucagon and somatostatin -white). In the merge panels, (A, B, and D) , yellow color represents the amounts and localization of p18(Ink4c) in β-cell cytosol. In the merge panels, (C and D) , no detectable levels of p18[Ink4c]are found in either α-(green) or δ-cells (white). For (A-D), 10-15 individual islets were assessed each time (n = 3-4 independent experiments). 
and p18(Ink4c) with the positive cell cycle regulators were assessed by IP and WB assays using lysates from isolated adult human islets (islet purity: 80-90% and age of donors: 40-70 y). For each experiment (n = 3 independent experiments), total protein extracts from isolated human islets were prepared following the procedure as described before 9 and equal amounts (40-50 μg) of such lysates for each sample were IP using the antibodies as mentioned in panels (A-E). Proteins bound to agarose beads were boiled in 1X Laemmli sample buffer containing βMe and run in SDS-PAGe and then transferred to membranes for WB assays as described before. 9 The antibodies used for immunoblotting are mentioned in (A-E). In (A), anti-cyclinD3 and anti-CDK4 antibodies were used to pull down p27(Kip1). The 3 antibodies, anti-Akt (pan), anti-Akt (S473) and anti-Akt (T308), were unable to pull down any detectable levels of p27(Kip1), indicating an inability or low levels of interaction with p27(Kip1). In (B), anti-p27(Kip1) and anti-CDK6 antibodies were used to pull down cyclinD3. The 2 antibodies, anti-cycline and anti-CDK2, were used as negative controls. In (C), anti-CDK6 antibody was employed to pull down p27(Kip1). In (D and E) , anti-p18(Ink4c) antibodies were used to pull down p18(Ink4c) and CDK4, respectively. Controls without primary antibodies were included to examine any non-specific bindings (data not shown since non-specific bindings were absent). In (E), the band with slower mobility (in duplicate lanes) indicates a phosphorylated from of CDK4 that remains bound with p18(Ink4c). Total cell extracts (Ce) from rodent β-cells (INS-1/Ins-1) were applied as positive controls. Here, the abbreviated forms, p27, CD3, Cyce and p18, stand for p27(Kip1), cyclinD3, cyclin e, and p18(Ink4c), respectively. Figure 8 . Stimulation of adult human β-cell proliferation ex vivo. Increase in β-cell proliferation, following treatments with pharmacological inhibitor of GSK-3 and mitogen/s, was analyzed in isolated adult human islets by immunofluorescence and confocal microscopy. Isolated adult human islets (purity: 80-90%), immediately following delivery, were cultured for 24-48 h in 10% FBS-containing CMrL medium as described before 9 and then on the day of experiment, islets (200) were placed in 2.5% FBS-containing medium and incubated in the absence (DMSO) or presence of 1-AKP (5μM)+insulin (40 nM) or 1-AKP (5μM)+insulin (40 nM)+GLP-1 (40 nM) for 2 d followed by incubation with BrdU (50μM) for overnight (~20 h). Islet sections from No Treatment (DMSO controls), Treatment A (1-AKP+insulin) and Treatment B (1-AKP+insulin+GLP-1) were then subjected to incubation with anti-insulin and anti-BrdU antibodies followed by incubation with the appropriate secondary antibodies. DAPI+ nuclei (blue) as well as Ins+ (green); BrdU+ (red) and Ins-; BrdU+ indicate an ability of p18(Ink4c) to interact with GSK-3, similar to the binding of p27(Kip1) with GSK-3 as we showed before. Altogether, the data indicate that both p27(Kip1) and p18Ink4c likely inhibit the positive cell cycle regulatory function of cyclinD3 and CDK4/6 through protein-protein interactions and eventually contribute to maintenance of adult β-cell quiescence.
Promoting adult human β-cell proliferation ex vivo We wanted to examine if treatments with small molecule GSK-3 inhibitor and mitogen/s could promote adult human β-cell proliferation ex vivo. We thus analyzed the combined effects of either 1-AKP, a potent small molecule GSK-3 inhibitor, 33, 34 and insulin or 1-AKP+insulin+glucagon-like peptide-1 (GLP-1), on β-cell proliferation using isolated adult human islets. The rationale to select these particular combinations were the following: (1) GSK-3 likely plays a critical role in stabilizing the levels of important CDK inhibitors, such as, p27(Kip1), in adult human β-cells, (2) insulin signaling is known to inactivate GSK-3 function, 22, 23 (3) GLP-1 signaling is known to regulate p27(Kip1) levels, 35 (4) GLP-1 analog, exendin-4, elevates rodent β-cell proliferation by downregulating p27(Kip1) levels, 36 and (5) our unpublished studies using isolated adult human islets and tritiated thymidine incorporation assay revealed significant increase in islet cell proliferation in the presence of either 1-AKP+insuin or 1-AKP+insuin+GLP-1 (1-AKP+insuin+GLP-1 > 1-AKP+insulin) relative to untreated controls. Here, our immunofluorescence analyses using BrdU incorporation demonstrate that 1-AKP+insulin treatments can promote proliferation of β-cells (Ins+; BrdU+) modestly but significantly compared with untreated controls where we were unable to find any Ins+ and BrdU+ cells (Fig. 8A , Treatment A, Ins+; BrdU+ cells, represented by yellow arrow, and B, Treatment A) vs. (Fig. 8A , No Treatment, Ins-; BrdU+ cells, represented by white arrow, and B, No Treatment). Our data reveal that 1-AKP+insulin is capable of driving about 1% β-cells to proliferate compared with none (0%) in the absence of such treatments (Fig. 8B , Treatment A vs. No Treatment). It is noteworthy that given the quiescent nature of mature differentiated human β-cells, 13, 37, 38 such increase in ex vivo proliferation is a step forward especially since our cocktails lack any viruses to drive replication as used by other investigators.
6-8 When we incubated isolated human islets in the presence of 1-AKP+insulin+GLP-1, we found increased β-cell proliferation relative to untreated controls ( Fig. 8A and B , Treatment B, Ins+; BrdU+ cells, 0.45%) vs. (Fig. 8A and B , No Treatment, Ins-; BrdU+ cells, 0%). However, to our surprise, we found more than 2-fold reduction in β-cell proliferation in the presence of 1-AKP+insulin+GLP-1 compared with 1-AKP+insulin treatments (Fig. 8B, Treatment B, 0.45% vs. Treatment A, 1.0%), suggesting a likely action of GLP-1 on other islet endocrine cell types and also, on non-islet cells/tissue. Independent studies have reported the expression of GLP-1 receptor in α-and δ-cells, apart from β-cells, and also in pancreatic ducts. 39, 40 In fact, our further analyses showed more than 2-fold induction in non-β-cell proliferation by 1-AKP+insulin+GLP-1 relative to 1-AKP+insulin (Fig. 8C , Treatment B, 1.9% vs. Treatment A, 0.8%). The data collectively underscore the potential of adult human β-cells in overcoming their quiescence by responding to stimulatory signals, mediated in this case by pharmacological inhibitor of GSK-3 and insulin, to commit to the G1/S-phase transition leading to increased proliferation.
Downregulation of the levels of CDK inhibitor in adult human islets
To understand the likely mechanisms for elevated proliferation of adult human β-cells mediated by 1-AKP+insulin (see Fig. 8A and B) , we examined whether such combination could downregulate p27(Kip1) levels. We thus treated isolated adult human islets in the absence or presence of 1-AKP+insulin or 1-AKP+insulin+GLP-1. Our WB studies followed by densitometric scanning analyses show that p27(Kip1) levels are reduced by about 40% in the presence of 1-AKP+insulin compared with untreated controls (Fig. 9A, lanes, 2 vs.1 and C, 1-AKP+insulin vs. No Figure 9 . Downregulation of p27(Kip1) protein levels in adult human islets. Levels of p27(Kip1) in isolated adult human islets were analyzed by direct WB assay following treatments without or with small molecule GSK-3 inhibitor and mitogen/s. On the day of each experiment (n = 3 independent experiments), isolated human islets (80-90% purity) were placed in 2.5% FBS-containing medium as described in Figure 8 legend and treated without (DMSO) or with either 1-AKP (5 μM)+insulin (40 nM) or 1-AKP (5 μM) +insulin (40 nM) +GLP-1 (40 nM) for 2-3 d. Thereafter, islets were washed with PBS and total lysates were prepared as described previously. 9 equal amounts of lysates (50-60 μg) for each sample were then separated in SDS-PAGe and following membrane transfer, peptides were immunoblotted with either anti-p27(Kip1) or anti-tubulin antibodies. (A) shows the levels of p27(Kip1) after treatments with DMSO (lane 1), 1-AKP+insulin (lane 2) and 1-AKP+insulin+GLP-1 (lane 3). (B) represents the levels of tubulin as loading controls for lanes 1, 2, and 3, respectively. (C) is the graphical representation of p27(Kip1) band intensities for lanes 1, 2, and 3 following normalization against tubulin as described previously. 9 For (C): *p < 0.05 (1-AKP+insulin and 1-AKP+insulin+GLP-1) indicate significant differences compared with controls (DMSO). error bars denote SeM.
Treatment [DMSO])
. Our data also demonstrate that addition of GLP-1 leads to further reduction of p27(Kip1) levels, about 53%, relative to untreated controls (Fig. 9A, lanes, 3 vs. 1 and C, 1-AKP+insulin+GLP-1 vs. No Treatment [DMSO]), indicating an ability of GLP-1 in downregulating p27(Kip1) levels in other islet cells, including α-and δ-cells, that have marked amounts of p-p27(S10) as discussed above (also see Fig. 3 ). The data altogether suggest that modest yet significant increase in human β-cell proliferation in the presence of 1-AKP+insulin is partly mediated due to the reduction in p27(Kip1) levels. Our findings also indicate that efficient downregulation of p27(Kip1) and other CDK inhibitors, such as, p18(Ink4c), specifically in adult human β-cells, is necessary to promote their proliferation much more effectively.
Discussion
The long held notion of the inability of adult differentiated insulin-producing β-cells to enter into the cell cycle and proliferate was first challenged by a seminal study in 2004, which demonstrated via lineage tracing analysis in adult mice that mature insulin-producing β-cells generate from preexisting β-cells by self-duplication/proliferation. 41 In 2004, another independent group revealed that β-cell proliferation is the primary mechanism for maintaining postnatal β-cell mass in mice. 42 Subsequently, numerous studies demonstrated using animal models of β-cell ablation, insulin resistance, high fat diet/obesity and pregnancy that β-cell proliferation is a major mechanism for restoring adequate β-cell mass resulting in maintenance of normal glucose homeostasis in both pathological and physiological conditions. [2] [3] [4] [5] 43, 44 However, knowledge of human β-cell proliferation was obscure until an elegant study published in 2008. 37 The studies demonstrated using cadaveric donors (age range: 2 wk-21 y) that β-cells possess substantial ability to proliferate in the first few years after birth and thereafter, such efficiency is diminished markedly as age progresses. Subsequently, other independent studies revealed that adult human β-cells are mostly refractory to proliferation, 13, 29, 38 suggesting their predominantly quiescent (G0) state without entering into the cell cycle. It is, therefore, relevant and necessary to understand the mechanisms that regulate adult human β-cell quiescence because such knowledge is critical to promote their proliferation ex vivo for β-cell replacement therapy in diabetes and ultimately, in diabetics in future.
In our current study, we have shown that the critical negative cell cycle regulators, p27(Kip1) and p18(Ink4c), key members of the cyclin-dependent kinase (CDK) inhibitor family, and GSK-3, a constitutively active serine-threonine kinase in resting cells, play important role in maintaining adult human β-cell quiescence because of their marked levels in adult human β-cells and also, due to the protein-protein interactions of p27(Kip1) with the critical positive cell cycle regulators, cyclin D3 and its cognate kinase partners, CDK4/6, as well as the binding of p18(Ink4c) with CDK4/6. Such protein interactions likely inactivate cyclin D3-CDK4/6 holoenzyme function resulting in hypophosphorylation of retinoblastoma (Rb) protein that remains bound with the E2F family of transcription factors leading to prevention of the G1/S-phase progression of adult human β-cells. We have demonstrated that combination of small molecule GSK-3 inhibitor and mitogen/s, particularly 1-AKP+insulin, is capable of promoting adult human β-cell proliferation ex vivo, indicating a road map for β-cell mass expansion. Our mechanistic studies suggest that downregulation of the levels of p27(Kip1), mediated by 1-AKP+insulin, partly contributes to increased proliferation of adult human β-cells as measured by BrdU incorporation assay. Additionally, corresponding to our findings, an independent group has recently demonstrated the inability of GLP-1 to increase β-cell proliferation using isolated adult human islets, 45 suggesting its efficacy in regulating particularly rodent β-cell proliferation. 35 We didn't find any appreciable changes in human β-cell proliferation when we added insulinlike growth factor-1 (IGF-1) with either of the 2 combinations, 1-AKP+insulin and 1-AKP+insulin+GLP-1, indicating its lack of efficacy at least in our culture conditions. It is worth mentioning though that β-cell specific IGF-1 receptor knockout in mice does not alter β-cell mass and additionally, such mice do not display impaired islet growth when subjected to high-fat diet.
46,47 While we were preparing our manuscript, a report was published by Doug Melton's group demonstrating tremendous proliferative capacity of adult rodent β-cells in response to a secretory protein, betatrophin, 48 suggesting the critical importance for adult β-cells to exit their quiescence (G0) stage and enter into the cell cycle via modulation of the levels/function of negative regulators of proliferation.
Thus far, knowledge of the role of 3 negative cell cycle regulators, p27(Kip1), p18(Ink4c), and GSK-3, in controlling adult β-cell proliferation is solely based on the studies using animal models, primary β-cells isolated from rodents and rodent β-cell lines as discussed below. Deletion of the gene encoding p27(Kip1) in animal models of insulin resistance (type 2 diabetes) results in amelioration of hyperglycemia by stimulating pancreatic β-cell proliferation and increasing β-cell mass.
2 Studies using Skp2 knockout mice demonstrate the critical importance of p27(Kip1) degradation in adult β-cells to establish adequate β-cell mass for responding to increased metabolic demand associated with insulin resistance. 49 Pancreatic β-cells retain the capacity to reenter the cell cycle at a far greater frequency in p27(Kip1) knockout mice after developing streptozotocin-induced diabetes relative to wildtype control littermates. 50 Studies using animal model of insulin resistance (IRS2 -/-mice) show the efficacy of deletion of an allele of GSK-3β in preserving β-cell mass by promoting β-cell proliferation via downregulation of p27(Kip1). 3 We have previously demonstrated using a rodent β-cell line, INS-1, the significance of siRNA-mediated downregulation of p27(Kip1) in stimulating β-cell proliferation. 9 Our studies using INS-1 cells and an independent report employing various non-β-cell lines have revealed that pharmacological inactivation of GSK-3 reduces p27(Kip1) levels. 9, 28 We also have demonstrated that siRNA-mediated downregulation of either of the GSK-3 isoforms significantly promotes rodent β-cell proliferation.
Additionally, our studies have revealed that siRNA-mediated downregulation of p27(Kip1) along with either of the GSK-3 isoforms does not stimulate INS-1 cell proliferation any further relative to individual knockdown of each of the GSK-3 isoforms, indicating GSK-3 as an upstream modulator of p27(Kip1) in β-cells. Studies have shown that adaptive growth of β-cell mass occurs via increased proliferation of β-cells for compensating elevated insulin demand during pregnancy and also, in response to high fat diet/obesity. 43, 44, 51 Studies have also demonstrated that decreased levels of p27(Kip1) and p18(Ink4c) are required for increased β-cell proliferation during pregnancy and hyperphagic obesity. 51 Deletion of GSK-3β in β-cells of adult mice resists fat-induced diabetes by increased proliferation of β-cells. 52 Additionally, studies display the importance of p18(Ink4c) and p16(Ink4a) in regulating β-cell proliferation and mass. 31, 53 Knowledge of the efficacy of several mitogens, such as, insulin and glucagon-like peptide-1 (GLP-1), in promoting β-cell proliferation is also based on the studies using animal models, primary rodent β-cells and rodent β-cell lines. 35, 54, 55 To modulate β-cell proliferation, insulin signaling operates mainly through the 2 pathways, IRS-PI3K-Akt/PKB and IRS-Ras/Raf-MEK-ERK pathways. 56 Additionally, it is known that insulin via activation of IRS-PI3K-Akt signaling inhibits GSK-3 function by phosphorylating its S21 and S9 residues of α-and β-isoforms, respectively. 22, 23 Moreover, mice lacking β-cell insulin receptors display reduction in β-cell mass because of decreased proliferation of β-cells, 47, 57 suggesting the critical importance of insulin signaling in controlling adult β-cell replication and mass in rodents.
The studies collectively underscore an important link between insulin-GSK-3-p27(Kip1) wherein insulin signaling through activation of IRS-PI3K-Akt/PKB pathway inhibits the function of GSK-3 and in turn, contributes to p27(Kip1) degradation in adult β-cells. In our current studies, we have found the importance of this link, insulin-GSK-3-p27(Kip1), that plays a critical role in promoting adult human β-cell proliferation ex vivo. Additionally, the IRS-Ras/Raf-MEK-ERK pathway may play an important role in mediating the stimulatory effects on human β-cell proliferation.
Our studies via understanding the mechanisms regulating quiescence (G0) of adult human β-cells and promoting their proliferation thus reveal a road map for expansion of human β-cells ex vivo. Independent groups have demonstrated the ability of mitogen analog or pharmacological inhibitor in elevating (low-moderate levels) adult human β-cell proliferation ex vivo using specific culture conditions. 58, 59 Broader understanding of the key signaling molecules controlling the levels and function of important CDK inhibitors, such as, p27(Kip1) and its phosphorylated form, p-p27(S10), and p18(Ink4c) and also, GSK-3 in adult human β-cells is thus relevant and necessary for identification and development of effective small molecules/drugs, which can lead to far more efficient and selective degradation or inactivation of these negative cell cycle regulators resulting in greater elevation of adult human β-cell proliferation ex vivo and also, in diabetics in future.
Materials and Methods
Materials
The antibodies used for our immunofluorescence studies are the following: guinea pig anti-insulin (Dako) was used to identify pancreatic islet β-cells; mouse anti-glucagon (Sigma-Aldrich) and rabbit anti-glucagon (Cell Signaling Technology) were used to identify pancreatic islet α-cells; goat anti-somatostatin (Santa Cruz Biotechnology, Inc.) was used to identify pancreatic islet δ-cells. The other antibodies used for immunostaining include mouse anti-p27(Kip1) (BD Biosciences), rabbit anti-p-p27(Ser10) and rabbit anti-p-p27(Thr187) (Santa Cruz Biotechnology, Inc.), mouse anti-p18Ink4c and GSK-3β rabbit monoclonal (Cell Signaling Technology) and mouse anti-p18Ink4c and mouse anti-BrdU (Sigma-Aldrich). Species-specific secondary antibodies conjugated with fluorophores FITC, Cy3, Texas Red or DyLight were from Jackson Immuno Research Laboratories. The antibodies used for immunoprecipitation and/or western blot studies are the following: mouse anti-p27(Kip1), mouse anti-cyclinD3, mouse anti-CDK2 and mouse anti-CDK4 were from BD Biosciences; mouse anti-cyclinE was from two sources, Santa Cruz Biotechnology, Inc. and BD Biosciences; mouse antip18Ink4c, mouse anti-CDK6, mouse anti-Akt (pan), phophoAkt (Ser473) rabbit monoclonal and phospho-Akt (Thr308) rabbit monoclonal were from Cell Signaling Technology; mouse anti-α-tubulin was from Sigma-Aldrich. The chemicals, including mitogens and small molecule inhibitor, used in our studies are the following: insulin, insulin-like growth factor-1 (IGF-1) and BrdU (5-Bromo-2'-deoxyuridine) were from SigmaAldrich; glucagon-like peptide-1 (GLP-1) (7-36 amide) was from Bachem; 1-azakenpaullone (1-AKP) was from Calbiochem; protein G-agarose and protein A-agarose were from Roche.
Immunofluorescence and confocal microscopy For immunofluorescence analysis, we used both adult human and mouse pancreatic tissue that were fixed in formalin and embedded in paraffin. Normal human pancreatic tissue was obtained from donors of 30-50 y of age (n = 5) and normal mouse pancreatic tissue was obtained from 9 mo old animals (n = 4). The Institutional Review Board, University of Chicago, approved the use of human pancreatic tissue for our studies. The immunostaining procedure that we used here was provided by the laboratory of Dr Chris Rhodes at the University of Chicago and briefly discussed below. Formalin-fixed, paraffin embedded tissue were sectioned into slices as thin as 5 μm. Wherever possible, sections were obtained from the tail and head and also, from the body of the pancreata. Tissue sections were deparaffinized in xylene (histological grade) (Sigma-Aldrich) and rehydrated in decreasing concentrations of ethanol (200 proof) (100-60%) followed by washing in deionized H 2 O and then subjected to heat-induced isotope retrieval using 10 mM sodium citrate buffer (pH 6.0) and heating in the microwave on high power for ~15 min. Following blocking, tissue sections were incubated with the specific primary antibodies (in PBS containing 2% BSA and 0.3% Triton X-100) for overnight (~20 h) at 4 °C followed by incubation with the appropriate secondary antibodies conjugated with fluorophores (in PBS containing 2% BSA) for ~40 min at 25 °C in dark. After each incubation period, tissue sections were washed and following addition of slow fade gold with DAPI (Invitrogen), coverslips were mounted and edges were sealed with fingernail polish. The primary antibody dilutions used for immunofluorescence analyses were: guinea pig anti-insulin, 1:300; mouse anti-glucagon, 1:500; rabbit anti-glucagon, 1:100; goat anti-somatostatin, 1:400; mouse anti-p27(Kip1), 1:50; rabbit anti-p27(S10), 1:50; rabbit anti-p-p27(T187), 1:50; monoclonal anti-p18Ink4c, 1:200; GSK-3β rabbit monoclonal, 1:100. Controls without primary antibodies were used for each experiment (negative data not shown). For confocal fluorescence microscopy, we used Olympus DSU "fixed cell" Spinning Disk Confocal equipped with image capture through Slide Book software and CCD camera. The excitation and emission filters used were, Ex: 387/11nm Isolated adult human islet culture For our studies, isolated adult human islets were received primarily from NIH-supported Integrated Islet Distribution Program (IIDP), City of Hope National Medical Center, and also, from the University of Chicago Islet Isolation Center. Islets used for our experiments were derived from normal donors of various ages (40-70 y). Islets after delivery were cultured as described before. 9 The Institutional Review Board, University of Chicago, approved the use of isolated human pancreatic islets for our studies.
BrdU incorporation assay
To examine the rate of proliferation of human β-cells (insulin+ and BrdU+) and also, of non-β-cells (insulin-and BrdU+), isolated adult human islets following treatments without (DMSO) or with small molecule GSK-3 inhibitor (1-AKP) and mitogen (either insulin or insulin+GLP-1) were incubated in the presence of 50 μM BrdU for ~20 h. After incubation, islets were washed, fixed in 4% paraformaldehyde and then processed for paraffin embedding and sectioning (5 μm) following the procedure as described before. 60 For immunostaining of insulin and BrdU, guinea pig anti-insulin and monoclonal anti-BrdU antibodies were used at the dilutions of 1:300 and 1:2,500, respectively.
Immunoprecipitation and western blotting Total lysates from isolated adult human islets, without or with treatments (see Figs. 7 and 9) , were prepared according to the procedure as described before. 9 Equal amounts of total lysates were then subjected to either immunoprecipitation followed by immunoblotting or direct immunoblotting (see the respective figure legends) following the protocol as described before. 9 
Statistical analysis
Quantitative data are presented as the mean ± SEM (n = 3 or more). Statistically significant differences were analyzed using the 2-tailed Student t-test. A p value < 0.05 was considered to indicate a significant difference.
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